Immune defense and reproduction are physiologically and energetically demanding processes and have been observed to trade off in a diversity of female insects. Increased reproductive effort results in reduced immunity, and reciprocally, infection and activation of the immune system reduce reproductive output. This trade-off can manifest at the physiological level (within an individual) and at the evolutionary level (genetic distinction among individuals in a population). The resource allocation model posits that the trade-off arises because of competition for one or more limiting resources, and we hypothesize that pleiotropic signaling mechanisms regulate allocation of that resource between reproductive and immune processes. We examine the role of juvenile hormone, 20-hydroxyecdysone, and insulin/insulin-like growth factor-like signaling in regulating both oogenesis and immune system activity, and propose a signaling network that may mechanistically regulate the trade-off. Finally, we discuss implications of the trade-off in an ecological and evolutionary context.
INTRODUCTION TO LIFE-HISTORY TRADE-OFFS
At its core, life-history evolution is a matter of optimization rather than maximization. Many traits that influence fitness are genetically and physiologically interrelated. Thus, increases in the fitness value of one trait may result in a corresponding decrease in the fitness value of another (127, 128) . Reproduction and immune defense can be mutually constraining, with increased reproductive activity limiting immune performance and activation of the immune system resulting in decreased reproductive output. Both reproduction and immune responses are energetically costly, and the trade-off between them is likely due to alternative allocation of limiting energetic resources.
Trade-offs can occur at two discrete scales: physiological and evolutionary. At the level of an individual organism, trade-offs may arise as a consequence of direct physiological conflict between two traits or processes. For example, if both processes require the same limiting resource, allocation of the resource to one process inherently reduces the amount of that resource available to the other. We refer to these as physiological trade-offs. In an example that we discuss in more detail below, immunity and reproduction may trade off physiologically if, for example, both processes rely on dietary protein and protein nutrition is limiting. Physiological trade-offs are often plastic, meaning that they are responsive to environmental conditions, and an individual may shift allocations from one process to another as needed. Following the example above, a reproductively inactive insect may be able to devote fully sufficient protein resources to the immune response, but once the same individual becomes reproductively active, she may preferentially allocate that protein to egg provisioning and immune performance can become compromised.
At the population level, evolutionary trade-offs can occur if there is genetic variation among individuals for allocation between traits. In order for an evolutionary trade-off to exist in the example discussed above, there must be some individuals who are genetically predisposed to allocate protein preferentially to reproduction and others who are genetically programmed for preferential allocation to immunity. If we were to examine the correlation between reproductive output and immune performance across individuals in the population, we might expect to find that individuals with better-than-average immunity tend to show reduced fecundity, and vice versa. We refer to these trade-offs as evolutionary because natural selection can effectively act on the underlying genetic variation. Genetic variation for evolutionary trade-offs is likely to be maintained as a consequence of fluctuating selection in spatially or temporally heterogeneous environments (85) . Specifically, when pathogen prevalence is low, natural selection may favor increased allocation toward reproductive output. When infection pressure is high, however, selection may favor heightened immunity. It is important to appreciate that plastic physiological trade-offs can exist within individuals without a corresponding evolutionary trade-off at the population level (50) . Whether physiological and evolutionary trade-offs share their mechanistic bases remains an open question in life-history biology.
Reproduction and immune defense are intricately linked with other life-history traits (reviewed in 113, 117) , highlighting the complexity of life-history evolution. In this article, we review the literature on reproduction-immunity trade-offs in female insects. Although we focus on female insects, reflecting the preponderance of data, accumulating evidence suggests that male reproduction also has immunological costs (e.g., 44, 92, but see 58) and that explicit differences in life-history strategies between the sexes can result in a sexually dimorphic immune system (41a, 111). For instance, premating sexual signals (e.g., horn length as in beetles, or pigmentation) can directly influence immune function and the evolution of host defense via sexual selection (reviewed in 82). Thus, many factors contribute to observed differences in life-history strategies. Here, we focus our discussion on the interactions between postmating processes and immunity in female insects with special attention given to mechanisms governing the trade-offs. The search for mechanisms underlying life-history trade-offs is challenging. It is comparatively easy to observe that two fitness-related traits are negatively correlated at the level of the whole organism. For example, we can readily observe that reproductively active insects have reduced resistance to infection (Table 1) , and we may hypothesize that a resource reallocation is the basis for the observed trade-off. But it is much more difficult to determine the identity of the limiting resource or the cellular mechanism that specifies and regulates differential allocation. Yet the identification of these mechanisms is critical for understanding how traits trade off and how trade-offs evolve. In this review, we show how condition-dependence of physiological and evolutionary trade-offs can reveal the identity of limiting resources (e.g., 94), and we discuss how pleiotropic hormones and signaling pathways may regulate resource allocation (e.g., 47, 51). We incorporate findings from a variety of insect taxa that exhibit a diversity of reproductive strategies and experience distinct selective pressures into our discussion of organism-level traits, but the underlying molecular mechanisms have been ascertained primarily in genetically manipulable organisms such as Drosophila melanogaster. Not all specific pathways and mechanisms established in D. melanogaster may operate the same way in all taxa. With recent advances in molecular techniques, such as CRISPR/Cas9 genome editing (reviewed in 115), however, we are optimistic that mechanistic questions can soon be efficiently addressed in nonmodel organisms.
REPRODUCTIVE ACTIVITY INHIBITS IMMUNITY
There is widespread empirical support across multiple orders of insects for mutual constraint between immunity and reproduction (Tables 1 and 2) , with a much smaller number of observed increases in female immunity as consequence of mating and reproduction ( Table 1) . Experiments to assess these trade-offs often involve genetic or physiological manipulation of reproductive capacity paired with assays of immunological capacity or, alternatively, manipulation of immune status followed by measurement of reproductive output. Immune traits that are commonly measured include survivorship of pathogenic infection, pathogen load sustained at various time points after infection, count or activity of circulating defensive blood cells (hemocytes), expression levels of genes encoding antimicrobial peptides, and phenoloxidase activity, because phenoloxidase is involved in defensive melanization and production of oxidative free radicals (56, 129) . The background levels of these traits can be measured in the absence of infection (constitutive immunity). Alternatively, the traits can be quantified after presenting a noninfectious immune elicitor or nonpathogenic microbe (induced immunity), or after infection with a bona fide pathogen (fighting infection). These distinct but complementary approaches can give different results, providing further depth to our understanding of trade-offs. The cost of induced immunity may be higher than the cost of constitutive immunity because of the additional deployment of immune effector molecules, so trade-offs may be more readily observed under infection conditions. However, it may be impossible to distinguish costs of the immune response from consequences of pathogen virulence after a bona fide pathogenic infection. As in any experimental context, the data collected must be interpreted in terms of the design and assumptions of the experiment that was performed.
As a general rule, increased reproductive activity reduces constitutive and induced immunity across a diversity of female insects. Fedorka et al. (44) showed that female ground crickets (Allonemobius socius) sustained progressively fewer circulating hemocytes with increasing copulation frequency. Mealworm beetles (Tenebrio molitor) and wood ants (Formica paralugubris) show a reduction in phenoloxidase activity after mating (24, 112), although Fedorka et al. (44) Reduced fecundity during fungal infection (Beauveria bassiana)
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Maintenance cost: the physiological cost of constitutive levels of immunity of implanted nylon filaments in a variety of insects (14, 17, 44, 123) , indicating reduced capacity to defend against macroparasites (25). Mating reduces the probability that Drosophila melanogaster females will survive a diverse array of pathogenic, bacterial infections, and mated female flies show higher pathogen loads and reduced inducibility of genes encoding antibacterial peptides after pathogenic infection (43, 120, 121) . Interestingly, however, mating does not decrease the ability of female D. melanogaster to clear nonpathogenic Escherichia coli infections (16, 93) . Therefore, the trade-off between mating and immunity is evident only when the infection is pathogenic. The observation that mating reduces female D. melanogaster resistance to infection appears to be at odds with the recurrent observation that the expression of genes encoding antimicrobial peptides are modestly induced as a consequence of mating and the transfer of male seminal fluid proteins (71, 83, 90) . Upon closer inspection, however, this upregulation of antimicrobial peptide genes may be largely restricted to the reproductive tract (39, 89). This tissue-specific induction may potentially be a local, prophylactic protection against sexually transmitted infection (76, 97) and may have little consequence in fighting a systemic infection.
INFECTION AND IMMUNE ACTIVATION REDUCE REPRODUCTIVE CAPACITY
Data from a diverse array of insects indicate that activation of immune responses decreases reproductive output and capacity ( Table 2 ). In D. melanogaster, bacterial or fungal infections reduce fecundity (18, 68, 94, 101, 145) . Similar effects are seen in Orthoptera, where induction of the immune system with heat-killed bacteria or bacterial cell wall components reduces egg production in the house cricket (Acheta domesticus) (17) , the Wellington tree weta (Hemideina crassidens) (73) , and the Texas field cricket (Gryllus texensis) (126) . In Anopheles mosquitoes, challenge with bacterial cell wall components or infection by Plasmodium spp. significantly reduces the accumulation of protein in the ovaries, promotes the apoptosis of follicle cells, and reduces the number of eggs laid (4, 5, 64) . Immune signaling and/or the presence of pathogens may signal to degrade newly forming follicles, limiting egg production in Diptera (31, 40, 132). This could allow resources to be shunted back to immunity and recovery from infection (70) .
Whereas the above examples describe fecundity costs of immune deployment, constitutive maintenance of elevated immune potential can also reduce reproductive capacity ( Table 3) . D. melanogaster genotypes with high resistance to bacterial infection show low fecundity even when uninfected. However, this phenomenon is seen only when dietary yeast is limited, suggesting that nutrition is responsible for the constraint (68, 94) . D. melanogaster that were artificially selected for increased resistance to a bacterial infection also evolved correlated reduction in egg viability (143) , as did strains of Indian meal moth (Plodia interpunctella) that had been selected for resistance to a granulosis virus (20). In contrast, pigmentation in T. molitor females, a trait that can be experimentally selected for and represents higher constitutive phenoloxidase activity (6), did not correlate with fecundity, suggesting that the constitutive expression of some immune modulators need not always have reproductive consequences (7) .
As shown by the examples above and in Tables 2 and 3 , most published studies imply that immune induction and/or infection-responsive processes physiologically trade off with reproductive processes. Additional studies showing an evolutionary trade-off indicate constitutive costs of maintaining greater immunity even in the absence of infection (but see 7) . This is largely a consequence of available experimental methodologies. Deployment costs, or the costs of mounting an immune response (79, 91) , can be experimentally measured in terms of alterations to physiological allocation before and after infectious challenge (e.g., 15). Immunological maintenance costs (79, 91) , however, are experimentally revealed by comparing reproductive potential in the absence of Deployment cost: the physiological cost of producing an immune response infection among genetic strains with high resistance to infection with those with low resistance (e.g., 142, 143). Because of the experimental methodology employed, maintenance trade-offs are almost always revealed as evolutionary, although they must certainly have physiological basis. Correspondingly, the magnitude of physiological trade-offs and deployment costs can vary genetically within populations (e.g., 120) and therefore can be evolutionarily subject to natural selection.
EGG PRODUCTION AND IMMUNITY DEMAND ALLOCATION OF RESOURCES
Both egg production and immunity are energetically costly processes, so a physiological trade-off between them could be mediated by the allocation of a mutually limiting resource. but also what circumstances in the life-history and environment would render profitable the diversion of a greater or lesser share of the available resources towards reproduction. (48) Since then, the resource allocation model has become a central dogma in life-history theory (55, 81, 110, 127, 140) . However, there are precious few examples in which the identity and the management of the resource are well understood. In the next three sections, we compile evidence from the published literature to support the hypothesis that both egg production and immunity in insects are nutritionally limited, and that the physiological trade-off between them may arise through resource allocation mediated by endocrine and metabolic signaling and joint reliance on critical and common tissues such as the fat body.
Although there are differences in the details among taxa (see 22 for a comprehensive review), insect egg production generally begins in the stem cell niche (germarium) of an ovariole, where a cytoblast arises from the asymmetric division of a germline stem cell. The developing cyst undergoes a species-specific number of mitotic divisions and grows in size as it transits posteriorly. Critically, copious quantities of proteins (e.g., yolk proteins and vitellogenins), lipids, RNAs, ribosomes, and organelles are deposited into the growing oocyte to provide nutrients and patterning information for the future zygote (27).
Provisioning of developing oocytes is energetically demanding (11, 138, 139) . Thus, the efficiency of egg production depends on the quality of dietary nutrition and a female's metabolic status (38, 41, 132). Oogenesis can be arrested and, at least in D. melanogaster, partially developed oocytes can be resorbed during starvation conditions (31, 40, 132). The onset of reproduction drives females of many insects to ingest more food, frequently preferring protein-rich food sources (23, 108, 134) . Notably, sanguivorous dipterans require a protein-rich blood meal to complete oogenesis (reviewed in 9).
Immune defense is also energetically and metabolically costly (15, 53, 122) . Bumble bee (Bombus terrestris) workers are less resistant to starvation after immune system activation (99) , and studies in multiple insects have established that resistance to infection is enhanced upon ingesting a protein-rich diet (86, 93, 94, 105 , but see 75). Upon immune stimulation, T. molitor and Spodoptera exempta larvae shift their feeding preference toward protein-rich food sources (26, 105) and, at least in Spodoptera spp., ingestion of a high-protein diet permits increased production of antimicrobial molecules in the hemolymph (86, 105) . In D. melanogaster, dietary L-arginine helps improve resistance to parasitoid wasps via lamellocyte proliferation and nitric oxide production (78) . Although a high-quality diet can enhance the host immune response, the net effect of diet on infection is complicated because infecting pathogens may also be able to access nutrients ingested by the host (34). Indeed, one hypothesis to explain illness-induced anorexia is that cessation of host feeding deprives infecting pathogens of nutrients (3, 12, 105) , albeit with possible negative collateral consequences for reproduction (18) . Finally, because different branches of the immune response may have different micronutritional requirements, it may be impossible to maximize all components of the immune system simultaneously (33), giving rise to trade-offs between immune system components (e.g., 32). The energetic demands imposed by reproduction and immunity suggest that competition for nutritional resources could be at the center of the trade-off between them. In searching for the control center for the reproduction-immunity trade-off, our attention was drawn to the fat body. This tissue is the central metabolic control organ (reviewed in 8). The fat body is critically important for oogenesis because it is a major site for yolk protein and vitellogenin production for oocytes (72, 77) . It is also the primary organ of systemic immunity (reviewed in 63).
Short et al. (121) observed that D. melanogaster females lacking germ cells (that cannot form eggs) do not suffer from reduced immunity after mating, in contrast to females that produce eggs. These findings support the hypothesis that reproduction and immunity compete for nutritional resources. However, the cost of reproduction still persists in D. melanogaster females that arrest egg production at stage 4 of oogenesis, even though these females never produce mature oocytes (43) . In corroboration of the persistence of the trade-off in the sterile females, evidence from a locust (Locusta migratoria) system suggests yolk protein is still produced in the absence of egg production (29). Therefore, the D. melanogaster mutants that arrest oogenesis in stage 4 may still invest resources into yolk protein production rather than into immunity. This could explain why postmating immunosuppression occurs in these females despite the absence of fully formed eggs.
Further support for nutritional mediation of the trade-off between reproduction and immunity comes from studies that showed that providing D. melanogaster females with dietary yeast ad libitum improved fecundity and resistance to infection and without any evolutionary trade-off between these phenomena (94) . Yet access to food ad libitum did not fully rescue fecundity in chronically immune-stimulated G. texensis (126) . This disparity highlights the importance of future studies to identify the resource shared between the two processes, the required intake of the nutrient, and how ratios of dietary components can influence the two traits.
SIGNALING PLEIOTROPY MAY UNDERLIE RESOURCE ALLOCATION
If egg provisioning and immune defense rely on a common resource pool, the host organism should have a signaling mechanism to shunt those resources toward one process or the other. We propose that the physiological trade-off between reproduction and immunity in insects is regulated by endocrine signals, specifically the balance between juvenile hormone ( JH) and 20-hydroxyecdysone (20E) and by altered metabolic status mediated by insulin/insulin-like growth factor-like signaling (IIS). Although we are specifically concerned here with the trade-off between reproduction and immunity, as a general principle pleiotropic signaling pathways are likely to be common switches for regulating life-history trade-offs (see also 51, 61, 144) .
Juvenile Hormone and 20-Hydroxyecdysone
JH and 20E have been characterized in insects primarily for their role in regulating metamorphosis (100) . However, the balance between JH and 20E is important for activation of egg maturation and provisioning in a variety of phylogenetically diverse insects. Additionally, JH can be a direct or indirect antagonist of immune function in insects, and 20E is a known potentiator of insect immunity. We propose a model in which JH/20E signaling mediates the trade-off between reproduction and immunity, at least in part, by regulating the diversion of energetic resources from somatic maintenance to reproductive output (Figure 1) .
The balance between JH and 20E dictates the progression of oogenesis, with JH promoting egg production and provisioning (reviewed in 57, 133 in the fat body of female insects such as red flour beetles (Tribolium castaneum) (118) , cockroaches (Leucophaea maderae, Blattella germanica) (21, 130), and Oriental fruit flies (Bactrocera dorsalis) (28). JH also promotes the uptake of vitellogenin or yolk protein into oocytes by creating intercellular spaces between the follicle cells (2, 52) and aids in the progression of developing follicles (124) . In contrast, high 20E titers typically result in the resorption of immature vitellogenic eggs (124) . However, not all organisms may conform to these patterns of JH/20E signaling. For example, although both JH and 20E are essential for oogenesis in mosquitoes, 20E is more important for regulating vitellogenesis (reviewed by 60). Thus, reproductive aspects such as the requirement for blood meals may influence the generality of molecular mechanisms.
JH and 20E also have opposite effects on immunity in most insects (Figure 1) . Ectopic application of methoprene, a synthetic JH analog, reduces the activation of antimicrobial peptide genes in response to infection in D. melanogaster (49) . JH reduces phenoloxidase activity in T. molitor (112) and inhibits the spreading behavior of hemocytes in Tribolium castaneum and Spodoptera exigua (62, 74) . In contrast, 20E potentiates the expression of antimicrobial peptide genes in D. melanogaster (36, 49, 96, 146) and signals through the ecdysone receptor (EcR) to drive expression of the peptidoglycan-recognition protein LC (PGRP-LC), a primary activator of the IMD humoral FOXO: transcription factor that is active under low IIS activity immune signaling pathway (114) D. melanogaster (107, 125) .
The opposite effects of JH and 20E on reproduction and immunity raise the possibility that JH and 20E levels may mediate the physiological trade-off between the two processes. In light of this, it is intriguing that both JH and 20E can be transferred to female mosquitoes in the male seminal fluid (30, 54). Most insects activate synthesis of JH in the corpora allata after mating. Transplantation of corpora allata from mated T. molitor females into virgins resulted in lower levels of phenoloxidase activity, similar to the mating-induced suppression of phenoloxidase observed in mated T. molitor females (112) . In D. melanogaster, JH synthesis is activated when the protein Sex Peptide (Acp70A) is transferred to the female in the male's seminal fluid (42). Short et al. (121) demonstrated that females mated to males lacking Sex Peptide were as resistant as virgin females to a bacterial infection, whereas females mated to wild-type males showed depressed immunity.
In summary, strong evidence across a breadth of insects exists to support a model in which mating increases JH titers and suppresses 20E, promoting egg development and inhibiting immune capability. This provides perhaps the clearest example to date of widespread endocrinological regulation of a life-history trade-off through a pleiotropic signal (Figure 1) . Although a general model is presented here, future comparisons among insect taxa are encouraged to test the universality of this mechanism.
Insulin/Insulin-Like Growth Factor-Like Signaling
As described above, both egg provisioning and immune response are sensitive to the insect's nutritional status and metabolism. As in vertebrates, IIS is a major regulator of metabolic status in response to dietary nutrition (reviewed in 141), and both reproduction and immunity are responsive to IIS. Elevated IIS promotes oogenesis and inhibits immune responses. Thus, IIS serves as a potential control switch for regulating the physiological trade-off between reproduction and immunity.
Insects use flux through the insulin signaling pathway to indicate whether the female has sufficient nutrient stores to provision eggs (13) . High IIS activity promotes oogenesis, and under reduced IIS activity (indicative of nutritional deprivation) egg production is reduced or halted (40, 69, 80, 102, 109) . In contrast, IIS and immune signaling are reciprocally antagonistic. In D. melanogaster, genetic activation of the Toll immune response pathway results in reduced IIS, even in the absence of infection (35). IIS is inhibited also by the immune-responsive JNK pathway (137) . Low IIS activity may enhance immunity through increased nuclear localization of the transcription factor FOXO, which can bind to the promoters of antimicrobial peptide genes and positively regulate their expression (19) . Moreover, IIS pathway mutants survive bacterial infection better than wild-type D. melanogaster do (87), possibly through rescue from energetic loss associated with fighting infection (37). Infection of skimmer dragonflies (Libellula pulchella) by protozoan parasites results in metabolic disruption and pathology, which can be reversed by blocking IIS (116) .
The effect of IIS signaling on reproduction and immunity may not be independent of JH and 20E; it may in fact partially act through JH and 20E. D. melanogaster insulin receptor (dInR) mutants exhibit low JH titers (135) , indicating that IIS promotes JH synthesis. Nuclear FOXO-an indication of low IIS activity-also increases JH titers and vitellogenin production in the German cockroach (B. germanica) (1, 130) . Moreover, JH and 20E can regulate IIS activity. 20E promotes FOXO activity in Bombyx mori (67) , and reduction of JH titers via ablation of the corpus allatum in D. melanogaster reduces IIS signaling and increases 20E levels (98) . Thus, JH and IIS may form a positive feedback loop that promotes oogenesis and inhibits immunity in response to the nutritional environment and reproductive cues (Figure 1) .
CONCLUDING REMARKS
Immune defense and reproduction are each central to organismal fitness, yet they trade off at both the physiological and evolutionary levels. Here we propose a model (Figure 1 ) whereby endocrine and metabolic signaling may cooperatively mediate a physiological trade-off between reproduction and immunity via JH, 20E, and IIS. More research is needed to fully test this model and to determine its mechanistic detail. For example, although ample evidence exists that JH inhibits immune system activity in multiple insects, it is unknown whether this is a direct or indirect effect.
Most of this review has focused on how a trade-off can be generated by competition between two physiological processes for a limiting resource, with some thought to the mechanics of how allocation of that resource might be managed. We emphasize, though, that both reproduction and immune performance are critical to evolutionary fitness, and the trade-off between them is therefore likely subject to strong natural selection. Environmental fluctuations in resource availability or pathogen pressure could shift the selective pressure between reproduction and immunity, and a few examples exist in which genetically distinct individuals in a population vary in their hardwired bias, favoring one process or the other. However, at this time, the research community has virtually no understanding of the mechanistic basis for evolutionary trade-offs and we emphasize that they may or may not be the same as those underlying physiological tradeoffs. More research is needed in this vein to understand how evolution shapes investment in and trade-offs between reproduction and immunity.
SUMMARY POINTS
1. The trade-off between female reproduction and immunity has been detected in a diverse range of insect species.
2. Physiological costs of immunity include reduced egg production and viability. Physiological costs of reproduction often include reduction in both basal and induced levels of immunity.
3. The energetic requirement of reproduction and immunity suggests that the reallocation of a common resource may be the basis for the trade-off between the traits.
4. Hormonal signaling, including JH and 20E, are critical for modulating egg production and immunity. Such signals may hold a central position in the allocation of resources required for both reproduction and immunity. 
FUTURE ISSUES

